Photonic membranes (PMs) are thin, highly-flexible, membranes which can be imbued with specific photonic functionalities when used to play host to plasmonic features. 1-3 PMs can then take that photonic functionality and transfer it to an external object, provided that they can be manipulated with enough precision. We demonstrate a fabrication and optical manipulation protocol that allows PMs to be manoeuvred through a microfluidic environment, and show that the trap stiffness of such a scheme is on par with current techniques. The PMs shown here are 90 nm thick, with the potential to be extremely flexible. We comment on their current deformability.
INTRODUCTION
Photonic membranes are thin, flexible, and robust membranes that can vary in thickness from tens of nm to several µm. In their lateral aspect they are typically made to be between a few µm to several cm in side length. They are useful in their function as a scaffolding upon which to define nanoplasmonic features. These features can be designed for a particular photonic application, for example filtering, or sensing.
PMs have successfully been used in macroscopic experiments, however, due to the precision with which they must be positioned, they have not yet been deployed in a microfluidic environment. One tool which can provide ample control at this scale is optical tweezers, 4, 5 and yet they are historically not compatible with objects that have planar geometries, such as membranes.
By defining our PMs from SU-8 photoresist, 6 using electron beam lithography, we can create PMs with "handles" at each of their four corners. These handles can be trapped via optical tweezers, and by moving them, the entire PM can be manipulated with a high degree of precision.
RESULTS

Fabrication of Photonic Membranes
The fabrication protocol for PMs begins with a silicon substrate, as shown in figure 1 , in order to ensure that the subsequent layers of SU-8 photoresist are uniform. We use a spin-coater to spin a sacrificial layer of Omnicoat on top of the silicon, followed by a layer of SU-8 that is 40 nm thick. After being baked at 100
• for 5 minutes, the sample is patterned via electron-beam lithography. SU-8 is a negative-tone photoresist, meaning that areas that are exposed to the e-beam become crosslinked and will remain unaffected by chemical development. Unexposed areas of SU-8 will be dissolved during the chemical development process, leaving only the patterned area. This procedure is repeated a second time, with an additional layer of SU-8 (1.5 µm thick) being spin-coated, baked, • before being (c) translated and rotated simultaneously, this time through 45
• . It is then rotated out of focal plane by an angle θ d = 20
• . (d) The PM is returned to its "in=plane" orientation (θ d = 0
• ) and translated back to the upper right region of the field of view, again while being rotated, this time by 90
• in an anti-clockwise direction. X-and y-axes mark the orientation of the membrane in each frame. Yellow scale bars are 20 µm in length.
patterned, and developed. It is from this second layer that the handles of the PM are defined, as too are the polymeric grating structures shown in figure 2(b) .
With PMs fully realised, it remains only to dissolve the sacrificial layer by immersing the sample in MF319 silicon developer (Microchem) for a few minutes at room temperature. At this stage, one has PMs freely suspended in solution. Microscope slides can be easily prepared using this PM solution.
Many different PMs can be made using this fabrication protocol, a sample of which are shown in figure 2 . Figure 2(a) shows an array of basic PMs, consisting simply of a solid membrane with one handle structure in each corner. Variations on the basic design include the addition of a polymeric "grating" which can be useful as a guide to the eye during experiments, and a membrane made in a fishnet design which have a higher degree of flexibility than solid membranes. Additionally, microtools like the one shown in figure 2(d) can be used in a microfluidic setting for particle sorting applications. 
All-optical manipulation of Photonic Membranes
We use a custom-built holographical optical tweezers (HOT) system, 7-9 operating at a wavelength of 830 nm, to manipulate the photonic membranes. 10 Traps were generated and controlled via a LabView programme which was based on the commonly used "superposition of gratings and lenses" (SGL) algorithm.
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Typically four traps were generated, and placed manually such that there was one trap per handle. Once the traps were in an acceptable arrangement, this arrangement could be addressed as a whole, either manually or by defining an automated sequence of movements which were carried out programatically. Figure 3 shows such an automated movement routine.
In figure 3 (a) four traps are positioned, each on a different handle of the PM. This arrangement is then fixed and addressed as a whole. Figure 3(b-d) shows the PM being rotated through 135
• , translated through the microscope cell where it is then tilted out of the focal plane to angle of θ d = 0
• . While in this orientation it is rotated again, this time through an angle of 45
• degrees. Finally, it is returned to a "flat" orientation (θ d = 0 • ) before being translated and rotated simultaneously.
The trapping of the PMs was found to be very stable, with the membranes capable of being manipulated with a high degree of control. Figure 4 shows a plot of trap stiffness versus power for the trapped PMs. The powers quoted were estimated by first measuring the optical power in the back focal plane of the objective lens, and multiplying this value by the objective lens' quoted transmission.
In addition to having control over the position and orientation of the PMs, we can also deform them. Figure  5 (a) shows a PM in its default state. This PM was patterned such that the membrane layer was not solid, but rather it was a fishnet structure. This modification lowered the PM's flexural rigidity which made it easier to bend. Figure 5(b) shows the same PM in a deformed state, where by corners of the membrane were moved by either altering the focus of the trapping beams to be above or below the focal plane of the microscope. Similar deformation can be seen in figure 5(c-d) where a single thread of SU-8 is bent by moving the two handle structures towards each other in a pincer-like motion. We have shown that PMs are capable of being manipulated with a high degree of precision, both in terms of their position and orientation, through the utilisation of an appropriate fabrication and manipulation protocol. The trap stiffness obtainable with such a scheme is on a par with that found in literature, with the PMs potentially benefitting from their increased mass and the fact that the trapped handles are physically linked to one another.
The fact that we can now manipulate PMs in a microfluidic environment leads us to relevant biological applications. By taking the basic PMs shown here, and using them as a hosts for nanoplasmonic features, we proceed to investigate the deployment of microfluidic sensors and filters capable of taking localised, in-situ, readings of their environments.
